Hypoxia-inducible factor-1a (HIF-1a) is a main responder to intracellular hypoxia and is overexpressed in many human cancers, including renal cell carcinoma (RCC). To better understanding of the role of HIF-1a in the tumorigenicity of RCC, we used shorthairpin RNA (shRNA) interference to inhibit HIF-1a expression in the human renal cancer cell line, Caki-1 and OS-RC-2. Silencing of HIF-1a significantly reduced the expression of HIF-1a in both of renal cancer cell lines. In vitro downregulation of HIF-1a inhibited Caki-1 and OS-RC-2 cell growth, migration and invasion. The results further showed that HIF-1a silencing resulted in caspase-dependent apoptosis of Caki-1 and OS-RC-2 through regulation of PI3K/Akt pathway and Bcl-2-related proteins expression. In vivo animal studies showed that tumor growth was significantly inhibited in HIF-1a shRNA-transfected RCC. Intratumor gene therapy with polyethylenimine-loaded HIF-1a shRNA also resulted in tumor growth suppression. Thus, this study demonstrates that downregulation of HIF-1a could suppress tumorigenicity of RCC through induction of apoptosis, and HIF-1a shRNA may be a promising strategy for the treatment of RCC.
Introduction
Renal cell carcinoma (RCC) is the third most common urological cancer with an incidence of approximately 5-10 per 100 000 and comprises 2-3% of all malignancies. 1, 2 Despite the use of multimodal therapy (chemotherapy, radiation therapy and surgery), the long-term disease-free survival rate of RCC patients is still disappointingly low. [3] [4] [5] [6] Therefore, the identification of new therapeutic targets is needed.
Hypoxia-inducible factor-1 (HIF-1) is the major transcription factor involved in the adaptive response to hypoxia and consists of HIF-1a and HIF-1b subunits. [7] [8] Overexpression of HIF-1a has been detected in several human cancers. 9 Significant associations between HIF-1a overexpression and patient mortality have been shown in cancers of the brain (oligodendroglioma), breast, cervix, oropharynx, ovary and uterus (endometrial). [10] [11] [12] [13] Activation of HIF-1a in cancer has been shown to regulate angiogenesis, tumor growth, progression, metastatic spread and glucose metabolism by acting as a transcription factor for crucial proteins (that is, vascular endothelial growth factor (VEGF), erythropoietin 1 (EPO1), PDGF, epidermal growth factor receptor (EGFR), Glut1). 14, 15 In addition, HIF-1a is also important in regulating the cell cycle and apoptosis. 16, 17 Recently, suppression of HIF-1a expression by various technologies, including RNA interference (RNAi), has been used as the tools for cancer therapy. [18] [19] [20] Several lines of evidence point to a role for HIF-1a in the pathogenesis of RCC. High levels of HIF-1a have been noted in conventional RCC and the HIF-1a level is a favorable independent prognostic factor in RCC. [21] [22] [23] Under hypoxic conditions, HIF-1a is stabilized and accumulates due to the inactivation or absence of the von Hippel-Lindau tumor suppressor gene, which is the most frequent genetic alternation observed in RCC. 24 Despite its unquestioned role as a important regulator of tumoral pathophysiology, the lack of mechanistic or functional data has led to an incomplete understanding of how HIF-1a mediates RCC cancer progression. To address this issue, we used RNAi to produce specific and long-term silencing of HIF-1a in RCC cancer cell lines Caki-1 and OS-RC-2. For the first time, our findings demonstrated that silencing of HIF-1a suppresses tumorigenicity of RCC through induction of apoptosis. Furthermore, the possible HIF downstream mediators and HIF-dependent apoptosis signaling pathways were explored. In addition, we used polyethylenimine (PEI) as our gene delivery system, to efficiency inhibit Caki-1 and OS-RC-2 tumor growth in a nude mouse model.
Materials and methods

RNAi design
Using GenBank sequence NM001530 for human HIF-1a mRNA and computer analysis software developed by Ambion (Austin, TX), we selected four candidate sequences in the HIF-1a cDNA sequence for RNAi. The targeted HIF-1a sequences were HIF-A: CTGATGAC-CAGGAACTTGA; HIF-B: CTGGACACAGTGTGTT TGA; HIF-C: ATCCAGAGTCACTGGAACT; HIF-D: TGACTCAGCTATTCACCAA. Human mismatch or scrambled siRNA sequences possessing limited homology to human genes served as a negative control. For the construction of hairpin-type siRNA expression plasmids, we synthesized oligonucleotides with the hairpin sequence, the terminator sequence and overhanging sequences. Then, we annealed the fragments and were ligated between the BamHI and HindIII sites on the pSilencer 2.1-U6 hygro vector (Ambion).
Real-time quantitative RT-PCR analysis
Gene expression was quantified by real-time quantitative RT-PCR using QuantiTect SYRB Green dye (Qiagen, Valencia, CA). DNA amplification was carried out using iCycler (Bio-Rad, Hercules, CA) and the detection was performed by measuring the binding of the fluorescence dye SYBR Green I to double-stranded DNA. Nucleotide sequences of specific primers for the selected cytokines were as follows-VEGF forward primer: .
In vitro cell growth assay
The in vitro growth rates of plasmid-transfected cells were assessed at 72 h. Cells were grown in monolayer culture to 60% confluence, harvested using Trypsin and plated at a density of 5 Â 10 3 cells per well into separate wells of a 96-well plate (Costar; Corning Inc., Corning, NY). Incubation was continued in 20% O 2 (normoxia) or 1% O 2 (hypoxia) conditions. The cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 0.5 mg ml
À1
) after 72 h. The color intensity was measured at 490 nm using an enzyme-linked immunosorbent assay reader (Dynatech, Chantilly, VA). The absorbance units obtained for plasmid-transfected cells were each divided by the absorbance units obtained for untreated wild-type cells and expressed as a growth index. By definition, untreated wild-type cells were assigned an index of 1. The experiments were performed in triplicate.
In vitro migration and invasion assays
The motility and invasiveness of plasmid-transfected cells were evaluated in 24-well transwell chambers with upper and lower culture compartments separated by polycarbonate membranes with 8-mm-sized pores (Costar 3422; Corning Inc.). Before plating cells into the transwells, DMEM-0.1% bovine serum albumin (BSA) was incubated in the top chamber of each transwell at 37 1C for 1 h to saturate nonspecific binding sites and was then subsequently removed. A total of 5 Â 10 4 cells suspended in 100 ml of DMEM-0.1% BSA were plated into the top chamber. DMEM-10% FBS was placed into the bottom chamber to exert its effect as a chemoattractant. Incubation was continued in 20% O 2 (normoxia) or 1% O 2 (hypoxia) conditions for 48 h. The cells that migrated through the 8-mm-sized pores and adhered to the lower surface of the membrane were fixed with 3.7% paraformaldehyde, stained with 0.2% crystal violet and washed with 1 Â phosphate-buffered saline (PBS) three times. The dye was eluted using 30% acetic acid and quantification of cell number was performed using colorimetric analysis with a microplate reader (absorbance at 590 nm). The absorbance units obtained for plasmid-transfected cells were each divided by the absorbance units obtained for untreated wild-type cells and expressed as a migration index. By definition, untreated wild-type cells were assigned an index of 1.
In a similar manner, the invasiveness of plasmidtransfected cells was evaluated in Matrigel (Collaborative Biomedical Products, Bedford, MA)-coated 24-well transwell chambers. Matrigel was used at a concentration of 0.4 mg ml
À1
. Cells, media, experimental conditions and analysis performed were similar to those of migration assays. Triplicate assays were performed for each group of cells in both migration and invasion assays and results are expressed as mean ± s.d. Western blot analysis Subcellular fractionation was performed by centrifugation technique as described previously. Nuclear extracts were generated using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL). Total cell lysate was prepared in 1 Â SDS buffer. Proteins at the same amount were separated by SDSpolyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. After probing with individual antibodies, antigen/antibody complex was visualized by enhanced chemiluminescence's reagent Supersignal (Pierce Biotechnology). The antibodies used were anti-HIF-1a (R&D Systems, Minneapolis, MN), and anti-PTEN (Santa Cruz Biotechnology, Santa Cruz, CA), anti-PDK1, anti-Akt and anti-p-Akt (Boster Biotechnology, Wuhan, China), anti-Bax, anti-Bim antiBcl-xL, and anti-Bcl-2 (Beyotime, Haimen, China). Anti-GAPDH (Ambion) was used as an internal control.
Apoptosis analysis
Animal studies
Six-to eight-week-old female Nude mice were obtained from the Planned Parenthood Research Institute (Shanghai, China). All animals in this study were housed under pathogen-free conditions and were maintained in accordance with guidelines of the Committee on Animals of the Second Military Medical University, Shanghai, China. Caki-1/HIFsi-B2, OS-RC-2/HIFsi-B3, shRNA control renal cells and wild-type renal cells in mid-log-growth phase were harvested by trypsinization. Single-cell suspensions (2 Â 10 6 cells in 0.1 ml Hank's balanced salt solution) were injected s.c. into the nude mice. The tumors were measured every 4 days with a caliper, and the diameters were recorded. Tumor volume was calculated by the formula: a 2 b/2, where a and b are the two maximum diameters.
For the HIF-1asi gene therapy experiments, 2 Â 10 6
wild-type Caki-1 and OS-RC-2 cells were injected s.c. into nude mice. After 5 days, when the tumors were palpable, the mice were divided into four groups. Group 1 mice were used as untreated controls. Group 2 mice were received intratumor injections with 100 ml 1 Â PBS. Group 3 received intratumor injections (20 mg per mouse) of PEI/ control vector twice weekly for various times. Group 4 received intratumor injections with 20 mg PEI/HIF-1asi per mouse twice weekly as described for group 3. Tumor size was measured as described above.
Statistical analysis
GraphPad Prism 4 (GraphPad Software, San Diego, CA) was used to visualize and perform data analysis by t-test, one-way and repeated-measures analysis of variance, Tukey's multiple comparison test, Mann-Whitney U-test and Wilcoxon signed-rank test.
Results
RNAi decreases HIF-1a expression in renal cancer cell lines Caki-1 and OS-RC-2
Under normoxic conditions, the HIF-1a protein was expressed at low level in Caki-1 and OS-RC-2 cells. However, hypoxia strongly induced HIF-1a protein expression in both cell lines ( Figure 1a ). Short-hairpin RNA (shRNA) expression vectors were designed to target four different HIF-1a mRNA sequences. Transfection efficiency in Caki-1 and OS-RC-2 cells was about 88 and 82%, respectively. After 48 h of culture, in Caki-1 cells, HIF-1a mRNA and protein expression was significantly inhibited by HIF-1a shRNA vector transient-transfection, particularly pSilencer/HIF-B and pSilencer/HIF-D. In pSilencer/HIF-A, -B, -C and -D transient-transfected cells, HIF-1a levels were reduced by B65, B14, B38 and B19%, respectively, compared with control and untreated Caki-1 cells. Similarly, the reduction of HIF-1a levels in OS-RC-2 cell was observed by HIF-1a shRNA vector transient transfection. No significant difference was observed in HIF-1a protein levels between wild-type cells and control shRNA vector-transfected cells ( Figure 1b ). In addition, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels did not differ significantly among the treated cells and controls, suggesting that this RNAi-mediated effect was specific.
Effect of HIF-1a silencing on renal cancer cell growth, migration and invasion in vitro It has been reported that HIF-1a is important in cell growth in several tumor cells, 7,8 therefore we first checked the effect of HIF-1a silencing on Caki-1 and OS-RC-2 cell growth in vitro. Under normoxia or hypoxia condition, HIF-1a shRNA significantly inhibited the growth of Caki-1 cells, especially pSilencer/HIF-B-transfected cells compared with control shRNA. Similar results were observed in OS-RC-2 cells. Moreover, the growth suppression of both HIF-1a shRNA vector-transfected cell lines was more efficient under hypoxic conditions compared with normoxic ones (Figure 2a) . Effect of HIF-1a shRNA on tumorigenicity of RCC K Xu et al
We further evaluated whether the downregulation of HIF-1a expression would alter the migration ability of Caki-1 and OS-RC-2 cells. Under normoxia or hypoxia condition, HIF-1a shRNA significantly reduced the motility of Caki-1 and OS-RC-2 cell. In particularly, under hypoxia condition, pSilencer/HIF-B-transfected Caki-1 and OS-RC-2 showed 63 and 58% reduction of motility, respectively, compared with control and untreated Caki-1 cells (Figure 2b) . No significant differences were detected between untreated cells and the control shRNA insert cells.
We also evaluated whether downregulation of HIF-1a expression would alter the ability of renal cancer cell line to invade Matrigel. Under hypoxia condition, pSilencer/ HIF-B and -D effectively suppressed the invasiveness of Caki-1 and OS-RC-2 cells. However, under normoxia condition, the decreased invasiveness was not observed in pSilencer/HIF-transfected cells (Figure 2c ). Taken together, these data suggest that downregulation of HIF-1a expression in renal cancer cell line through shRNA resulted in decreased proliferation, cell motility and invasiveness, especially under hypoxia condition.
HIF-1a silencing induces caspase-dependent apoptosis
Tumor cells are often deficient in apoptotic regulation, which leads to the expansion of tumor cells, metastasis and invasion. 25,26. Previous studies have shown that HIF1a may promote resistance to apoptosis of tumor under hypoxia condition. 16, 17 Thus, we further investigated that the effect of HIF-1a downregulation on the survival of renal cancer cell line in vitro. Hypoxia increased the proportion of the apoptosis of renal cancer cell line compared to normoxic conditions. Under normoxic conditions, the apoptosis of in HIF-1a shRNA-treated cells was not significantly enhanced compared with that of control shRNA-treated groups. However, under hypoxia conditions, transfection with these HIF-1a shRNA vectors dramatically increased the percentage of terminal transferase dUTP nick-end labeling (TUNEL)-positive apoptotic cells, especially pSilencer/HIF-B and -D-transfected groups compared to controls (Figure 3a) .
To further analyze the apoptosis observed in HIF shRNA-transfected cells under hypoxia conditions, we examined the level of caspase-3, a critical parameter for apoptosis. In Caki-1 cells, procaspase-3 was not significantly changed at 48 h post-transfection with HIF shRNA. However, the level of caspase-3 was greatly increased after HIF shRNA transfection, especially pSilencer/HIF-B and -D-transfected groups (Figure 3b) . Similar results were also observed in OS-RC-2 cells (data not sown). Furthermore, the broad-spectrum caspase inhibitor zVAD-fmk significantly inhibited HIF shRNA-mediated cell death (Figure 3c) . Thus, downregulation of HIF-1a-induced apoptosis is caspase dependent in renal cancer cell line.
HIF-1a silencing suppresses VEGF, Glut1, aldolase A and MMP-2 expression It has been shown that several proteins expression associated with HIF-1a, such as VEGF, Glut1 and aldolase A expression in tumor angiogenesis, tumor Effect of HIF-1a shRNA on tumorigenicity of RCC K Xu et al growth, progression, metastatic spread and glucose metabolism.
14,15.
Therefore, we checked whether HIF-1a shRNA affected the mRNA levels of these proteins in RCC cells. In Caki-1 cells, hypoxia induced mRNA expression of VEGF, Glut1, EGFR and aldolase A. The mRNA expression of VEGF, Glut1 and aldolase A in pSilencer/HIF-B-and -D-transfected cells was significantly decreased in hypoxia condition. However, no significant changes of EGFR mRNA expression were detected after pSilencer/HIF transfection ( Figure 4) . Similar results were observed in OS-RC-2 cells (data not shown).
Matrix metalloproteinase 2 (MMP-2) and urokinase plasminogen activator (uPA) have also been shown to be important in tumor metastatic spread and invasion. As shown in Figure 4 , in Caki-1 cells, hypoxia induced mRNA expression of MMP-2 and uPA. After transfection with HIF-1a shRNA expression vectors, the levels of uPA expression were unchanged under normoxic or HIF-1a silencing regulates the apoptosis signaling in renal cancer cells To further investigate the molecular mechanism underlying HIF-1a-mediated survival of renal cancer cell line, we examined whether HIF-1a silencing affects the activity of proteins involved in the signal transduction of renal cancer cell survival. The activity of phosphatidylinositol 3-OH kinase (PI3K) and phosphorylation of the serinethreonine kinase Akt (also called 'protein kinase B') have important functions in tumor cell survival. 27 As shown in Figure 5a , hypoxia increased phosphorylation of Akt and PDK1, which activates Akt, in wild-type Caki-1 and OS-RC-2 cells. However, the level of phosphatase and tensin homologue deleted on chromosome 10 (PTEN), a negative regulator of PI3K/Akt signaling was unchanged in both of RCC cell lines under hypoxia. We further examined the effect of HIF-1a silencing on PI3K/Akt signaling. In pSilencer/HIF-transfected Caki-1 cells, we found that the levels of Akt phosphorylation and PDK1 were effectively suppressed under hypoxia condition, especially pSilencer/HIF-B-and -D-transfected groups. The level of PTEN was not affected by HIF-1a silencing (Figure 5c ). Similar results were observed in OS-RC-2 cells (data not shown). Thus, HIF-1a silencing might induce apoptosis through regulation of the PI3K/Akt pathway.
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A group of proteins designated 'BH3-only Bcl-2 family proteins', including Bim, and another group of proteins designated 'multi-BH domain proteins', including Bak and Bax, are also critical in cell survival. 28 As shown in Figure 5b , in wild-type Caki-1 and OS-RC-2 cells, hypoxia increased the expression of Bim and Bcl-xL, and decreased the expression of Bax. The expression of Bcl-2 was unchanged under normoxic or hypoxia condition in Caki-1 and OS-RC-2 cells. The effect of HIF-1a silencing on Bcl-2-related proteins was determined in Caki-1 cells under hypoxia condition. As expected, HIF1a silencing, especially pSilencer/HIF-B and -D transfection resulted in an obvious decrease of Bim and Bcl-xL, and a dramatic increase of Bax expression (Figure 5d ). Similar results were also observed in OS-RC-2 cells (data not shown). Therefore, downregulation of HIF- Effect of HIF-1a shRNA on tumorigenicity of RCC K Xu et al 1a-mediated cell apoptosis is probably regulated by the quantitative balance between proapoptotic and antiapoptotic Bcl-2 family proteins.
Effect of HIF silencing on renal tumor growth in vivo
To investigate the inhibitory effects on tumor growth by HIF-1a RNAi, we directed our attention to generating stable, HIF-1a-downregulated clonal cell lines. On the basis of higher efficiency of pSilencer/HIF-B compared with other groups, we selected target sequence B for stable transfectants. At 1 month after transfection and selection, western blot analysis demonstrated that HIF-1a protein expression was significantly decreased, compared with wild-type Caki-1 and OS-RC-2. Our most significant clones, Caki-1/HIFsh-B2 and OS-RC-2/HIFsh-B3, showed 89 and 83% reduction of HIF-1a expression in Caki-1 and OS-RC-2, respectively (data not shown). Stable HIF-1a-downregulated clonal cell lines Caki-1/ HIFsh-B2 and OS-RC-2/HIFsh-B3 were inoculated s.c. into nude mice. Wild-type Caki-1 and OS-RC-2 grew rapidly, resulting in palpable tumors 4-5 days after injection ( Figure 6 ). By contrast, tumor formation was significantly slower after inoculation of Caki-1/HIFsh-B2 and OS-RC-2/HIFsh-B3 cells ( Figure 6 ). No significant difference in either tumor growth or survival time was detected between the tumors induced by the shRNA control cells and the wild-type cells.
Effect of HIF-1a shRNA gene therapy on renal tumor growth We next investigated whether HIF-1a shRNA can be used as a gene therapy. We elected to use PEI as our gene delivery system because of previous successful report with this nonviral vector. 29 Caki-1 and OS-RC-2 cells were injected s.c. into nude mice. After 5 days, the palpable tumors were injected with PEI/HIFsh-B or PEI/sh control. As shown in Figure 7 , PEI/HIFsh-B gene therapy significantly inhibited Caki-1 and OS-RC-2 tumor growth in mice compared with the PEI/shRNA control ( Figure 7) . These results indicate that using PEI as HIF-1a RNAi delivery system, the renal tumor growth could be effectively inhibited in vivo.
Discussion
HIF-1a expression and subsequent HIF-1 activation in cancer cells have important functions in cancer progression by controlling the gene expression related to cancer cell proliferation, apoptosis and metastasis. 30 Here, we showed that gene therapy targeting HIF-1a may have therapeutic benefit in the growth of RCC. This was carried out by selectively inhibiting HIF-1a expression using shRNA. To deliver HIF-1a shRNA, we constructed several vector-based expression systems in which sense and antisense strands of short HIF-1a sequences were transcribed into hairpin structures under the control of a U6 promoter. We designed different shRNA expression plasmids that specifically target degradation of mRNAs encoding HIF-1a. After treatment with shRNA, the expression of HIF-1a protein was greatly reduced under hypoxic conditions. The effects of these siRNAs were investigated in two human renal carcinoma cell lines, Caki-1 and OS-RC-2 in vitro and in vivo.
Recent evidence suggests that HIF-1a has a significant function in regulating RCC development, invasive phenotypes and survival. Thus, we hypothesize that downregulation of HIF-1a expression will lead to a reduction of RCC growth. Our data showed that HIF silencing effectively suppressed the proliferation of Caki-1 and OS-RC-2 cells under normoxic or hypoxia conditions. Except the reduced growth of renal cancer cell lines, the migration and invasion were also suppressed by HIF silencing, which was not reported in previous studies. HIF-1 transactivates a repertoire of genes, including VEGF, glucose transporters (Glut1), glycolytic pathway enzymes, EPO and inducible nitric oxide synthase, which mediate angiogenesis, motility, cell proliferation/survival and glucose/iron metabolism in hypoxia.
14-17 Here, we found that RNAi targeting HIF-1a not only down- Figure 6 Effect of hypoxia-inducible factor-1 (HIF-1a) shRNA on renal tumor growth in mice. Caki-1/HIFsh-B2 or OS-RC-2/HIFsh-B3 cells, wildtype Caki-1 or OS-RC-2, control shRNA-transfected cells were inoculated s.c. into nude mice (n ¼ 10 each group). Tumor growth was monitored and tumor volume was calculated. *Po0.05 versus control.
Effect of HIF-1a shRNA on tumorigenicity of RCC K Xu et al regulates the HIF-1a expression, but also reduced HIF-1a downstream targets and mediators, including VEGF, Glut1, aldolase A and MMP-2 expression. Owning to the reduced expression of these proteins, HIF-1a shRNAtransfected RCC cells are motility and invasion impaired, and tumor growth was slower in vitro.
Apoptosis is important in regulation of tumor cells growth, metastasis and invasion. 25, 26 Several studies reported that HIF-1a regulated cancer cell cycle and apoptosis. 16, 17 Here, for the first time to the best of our knowledge, we show that depletion of HIF-1a by RNAmediated interference promotes RCC cell lines apoptosis in vitro through caspase-dependent manner under hypoxic condition. Accumulated evidence indicates that regulation of proapoptotic and antiapoptotic factors has a central function in cell survival signal-mediated antiapoptotic mechanism. In RCC cell lines, we found that HIF-1a silencing downregulated the phosphorylation of Akt, which is a common mediator of cell survival signals, has been shown to inhibit apoptosis by attenuating activity of proapoptotic factors Bad and caspase-9, and enhance survival by increasing the phosphorylation of IKKb, which led to activation of nuclear factor-kB. 31, 32 In addition, previous study reported that Akt could inhibit apoptosis of tumor through negative regulating of FKHR, a member of the forkhead family of transcription factors, which could promote apoptosis by inducing the expression of Bim and FasL. 33 Further study showed that HIF-1a silencing appears to reduce Akt activation indirectly through inhibition of PDK1, which activates Akt. The mitochondria are central relaying station for caspase-dependent death pathways. 34 Here, we also found that HIF-1a silencing mediated the apoptosis in a caspase-dependent manner. Mitochondria respond to multiple death stimuli including those in which proapoptotic Bcl-2 family proteins such as Bak/Bax induce mitochondrial membrane permeabilization and cause the release of apoptotic molecules, such as cytochrome c and AIF. Upon release into the cytoplasm, cytochrome c activates Apaf-1 and triggers the caspase cascade, leading to cell death. [35] [36] [37] Thus, here, we suggested that HIF-1a silencing regulated the balance between proapoptotic protein Bax and antiapoptotic proteins Bcl-xL and Bim, inducing the dysfunction of mitochondria, which led to caspase-dependent death of RCC cell lines. The postulated mechanism involved in which depletion of HIF-1a promotes RCC cells to apoptosis is shown in Figure 8 . Of course, although the changes of several proteins of apoptosis-related signaling were determined, the precise mechanism needs more extensive study. In the present study, the synthesis of GAPDH was reported as unaffected and, in the case of apoptosis, increased expression of some proteins and activities such as caspase-9 and BIM and BAX were observed upon treatment with the HIF-1a shRNA. However, the issue of nonspecific inhibition is still confounded because the increased proteins are in the apoptosis pathway, which is a response pathway for many cellular insults. To further verify whether the inhibition of many cellular properties that could be attributed to the effects of inhibited HIF-1a or could be attributed to nonspecific damaging effects (off target) effects of the shRNA sequences, we selected a control RCC cell line, 786-0, which did not express HIF-1a, and did not show decreased growth, migration and apoptosis when treated with the shRNA sequences in vitro. The results of western blot analysis showed that Effect of HIF-1a shRNA on tumorigenicity of RCC K Xu et al expression of some proteins and activities such as caspase-9 and BIM and BAX was unaffected, suggesting that the expression of many cellular properties could be attributed to the effects of specific inhibition of HIF-1a (data not shown). However, change in some cellular properties might be resulted from shRNA sequences indirectly, and intermediated by other proteins directly regulated by HIF-1a.
Our in vitro and in vivo data represent the first report describing mechanistic evidence for HIF-1a as a mediator in growth, migration, invasion and survival of renal cancer, using Caki-1 and OS-RC-2 cell lines, and suggest that HIF-1a is a potential therapeutic target for renal tumor. PEI, a readily available synthetic polycation introduced for transfection a few years ago, 38 is an ideal candidate for gene delivery owing to its relatively high transfection efficiency and low toxicity. Thus, we elected to use PEI as the shRNA vector delivery system to exert gene therapy because the success with PEI has been reported. 29 Our data showed that administration of PEI/ HIFshRNA into effectively suppressed tumor growth in mice loaded with two different renal cancer cell lines. Importantly, no adverse effects were observed in the mice treated with PEI/HIFshRNA intratumor injection. However, in the present study, systemic i.v. administration of PEI/HIFshRNA at the same dose only slightly suppressed renal tumor growth (data not shown). Furthermore, as PEIs with higher concentration tend to show toxicity in the lung, 39 it is limited to increase the injected dose of PEI/shRNA complex. Therefore, further studies are needed to find more effective and tissue-targeted shRNA delivery system for systemic application, and investigate the treatment effect of HIF-1a silencing on tumor in animals or humans.
In the present study, we merely demonstrated that HIF1 downregulation suppresses tumorigenicity of renal cancer cell lines. In the nude mice experiments demonstrated, we exclusively used permanent renal cancer cell lines. Thus, the effect of HIF-1a shRNA on the human renal cancer specimens or freshly isolated primary human renal cancer cells needs further investigation in the future experiments. In conclusion, we have shown that shRNA technology can be used to specifically inhibit HIF-1a expression in RCC cell lines. Silencing of HIF-1a suppressed tumorigenicity of RCC through induction of apoptosis, and decreased tumor growth in vivo. Therefore, targeting HIF-1a with RNAi may have therapeutic benefit for patients with renal tumor, even other solid tumor.
